Summary: We present an algorithmic tool for the identification of biologically significant amino acids in proteins of known three dimensional structure. We estimate the degree of purifying selection and positive Darwinian selection at each site and project these estimates onto the molecular surface of the protein. Thus, patches of functional residues (undergoing either positive or purifying selection), which may be discontinuous in the linear sequence, are revealed. We test for the statistical significance of the site-specific scores in order to obtain reliable and valid estimates.
MOTIVATION
Detecting biologically significant amino-acid sites is critical for understanding protein function and structure. Conserved sites may be indicative of structurally important sites (e.g. Melamed et al., 2004) , active sites (e.g. Drory et al., 2004) , ligand binding sites (e.g. Gertow et al., 2004) or be part of protein-protein interaction surfaces (e.g. Bridges and Moorhead, 2004) . Mutations in those sites may reduce the fitness of their carriers, hence will be selected against, and the carriers are likely to be removed from the population (Graur and Li, 2000) . Such sites are called purified sites. Highly variable sites are usually regarded as being tolerant to functional constraints (Glaser et al., 2003) . However, such sites may be undergoing positive Darwinian selection, conferring evolutionary advantage to the organism. Mutations in those sites have higher probabilities of becoming fixed in the population (Graur and Li, 2000) . Analyzing sequences at the codon level, as opposed to the amino-acid level (e.g. Glaser et al., 2003; Gu and Vander Velden, 2002) , enabled us to detect both positively selected and purified selected sites. By contrasting silent (synonymous) substitutions against amino-acid altering (non-synonymous) substitutions, it is possible to detect the different selection forces operating on each amino-acid site.
Here we develop a web server (Selecton) that computes synonymous and non synonymous substitutions from coding DNA sequences. The scores are then projected onto the three dimensional (3D) structure of the protein. Thus, Selecton enables the detection of "patches" that are evolutionary meaningful: positive or purified selected amino-acid sites that are clustered together in the 3D space.
METHODOLOGY
The ratio of non-synonymous to synonymous substitutions, known as the Ka/Ks ratio, is used to estimate both purifying and positive Darwinian selection (Li, 1993; Li et al., 1985; Liberles et al., 2001; Miyata and Yasunaga, 1980; Nei and Gojobori, 1986) . A Ka/Ks ratio significantly greater than one is indicative of positive selection, whereas values significantly smaller than one are indicative of purifying selection. Our method calculates the Ka/Ks ratio for each codon site in a codon-based multiple sequence alignment (MSA). In order to achieve maximum accuracy; the algorithm for sitespecific Ka/Ks ratios estimation presented here explicitly takes into account the evolutionary relationships among the sequences and the underlying stochastic process.
The stochastic process assumed here is a modification of the codon-basedevolutionary model suggested by (Goldman and Yang, 1994) , where the maximum likelihood estimates of the Ka/Ks ratios are computed for each site. The significance of the Ka/Ks scores is obtained by using the likelihood ratio test (LRT). This test compares two nested models: a null model which assumes no selection, and an alternative model which does. A more detailed description of the methodology is provided at http://selecton.bioinfo.tau.ac.il/overview.html.
Available tools that detect conserved sites in proteins such as ConSurf (Glaser et al., 2003) , or tools aimed at identifying "rate-shifts" such as DIVERGE (Gu and Vander Velden, 2002) , perform their analyses using amino-acid sequences only. While this approach is useful when the sequences are highly diverged (Goldman and Yang, 1994) , the codon-based model is more sensitive when the sequences are more closely related since synonymous substitutions are explicitly taken into account. More importantly, using the codon-based model enables us to detect both purified and positive selected sites simultaneously. Finally, the LRT is easily incorporated into Ka/Ks calculations.
Selecton accepts as input a set of coding DNA sequences, and a protein data bank (pdb) id (Sussman et al., 1998) . The DNA sequences are translated to amino acids, and are aligned using Clustal W (Thompson et al., 1994) . The alignment is reversed translated to obtain codon-based multiple sequence alignment. Ka/Ks scores for each position are then computed based on the algorithm described above, and are visualized on the 3D structure using the protein explorer engine (Martz, 2002) .
EXAMPLE -HIV-1 PROTEASE
The human immunodeficiency virus type 1 (HIV-1) protease is an essential enzyme for viral replication and thus, is the target for design of drug inhibitors (Flexner, 1998; Peng et al., 1989) . Specific patterns of drug resistance mutations are associated with each inhibitor available today. Mutations are divided into two categories: primary resistance mutations, located at the active site, and secondary mutations, remote from the active site. Primary mutations generally cause decreased inhibitor binding, whereas secondary mutations may compensate and restore normal viral replication capacity (Ho et al., 1994; Lerma and Heneine, 2001; Molla et al., 1996) .
Seventy HIV-1 protease gene sequences from patients that were treated with Ritonavir, a specific protease inhibitor, were extracted from the Stanford HIV Drug Resistance Database (http://hivdb.stanford.edu/). The sequences, together with the PDB structure of the protease dimer, complexed with Ritonavir (Kempf et al., 1995) , were given as input to the Selecton server and the results were projected onto the 3D structure (Figure 1 ).
Purifying selection is evident in the three known functional regions identified previously (Loeb et al., 1989) , these domains include: (1) An active-site loop (residues 22-33), which includes the Asp-Thr-Gly catalytic triad, characteristic of aspartic proteases. (2) The flap region (residues 47-52). (3) The hydrophobic core of the molecule (74-87). Selecton successfully identified the three domains as highly conserved (Figure 1a) . The Consurf server was compared to the Selecton server regarding the identification of these domains: as expected, Selecton was found to be more discriminating in the results obtained. Consurf indeed identified the three abovementioned domains, but also identified an assortment of other residues as being highly conserved. In fact, Consurf identified a total of 53 out of 99 residues of the protein as being highly conserved. Selecton identified 29 conserved residues, the majority of which belong to the functional regions, pointing at the added precision of this novel tool.
Positive selected sites represent sites responsible for the HIV-1 evading the treatment.
Positive selection is evident in twenty-nine residues with Ka/Ks greater than one.
Nine of these residues have been previously reported as conferring drug resistance (Hirsch et al., 2000) . Residue 82 is the only site known to belong to the primary mutation category, and is part of the hydrophobic core. Indeed, this site was detected by Selecton as undergoing significant positive selection. Apart from site 82, all other previously reported sites belong to the secondary mutation category (Hirsch et al., 2000; Lerma and Heneine, 2001 ).
In addition to known mutations, Selecton identified sites not previously associated with resistance to protease inhibitors as having undergone positive selection. These sites appear as two clusters in Figure 1b . All of these additional sites appear on the surface of the protein. It is likely that these sites also belong to the secondary mutation category. Further experimentation is yet required to validate the contribution of these sites to viral replication in the presence of Ritonavir. 
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